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DIEL VERTICAL DISTRIBUTION OF ATLANTIC CROAKER,
MICROPOGONIAS UNDULATUS, LARVAE IN THE NORTHCENTRAL
GULF OF MEXICO WITH COMPARISONS TO RED DRUM,
SCIAENOPS OCELLATUS
Bruce H. Comyns and Joanne Lyczkowski-Shultz
ABSTRACT
Atlantic croaker Micropogonias undulates (Linnaeus, 1766) larvae < 6 mm showed a
distinct pattern of vertical stratification in inner-shelf waters (< 25 m depth) of the
northcentral Gulf of Mexico. Discrete-depth plankton collections were taken at night,
early morning after daylight, and at mid-day or early afternoon at 1, 5, and 11–16 m. No
consistent pattern among cruises was evident in the vertical stratification of Atlantic croaker
larvae found in mid-day and afternoon collections, but at night the highest abundances
were observed at the deepest depths sampled. Atlantic croaker larvae were least abundant
in surface waters (1 m) at night. Of the 66,913 Atlantic croaker larvae collected, only 346
specimens (< 1%) were found in 1 m collections at night, and 266 of these larvae were
from a single collection of large specimens (mean = 6.7 mm). By morning the vertical
distribution of larvae suggested that Atlantic croaker had moved up in the water column,
and highest abundances were usually found at 5 m. There was no indication that patterns
of larval distribution reflected hydrographic stratification within the water column, prey
availability, size of larvae, or moonlight intensity.

It has been long understood that the larvae of numerous fishes exhibit diel vertical
migrations (Russell, 1926; Bridger, 1956; Ahlstrom, 1959). Reasons for the vertical movement of larvae in the water column vary among species and include predator avoidance
(Zaret and Suffern, 1976; Yamashita et al. 1985), responses to the movement of zooplanktonic prey (Fortier and Leggett, 1983; Kuwahara and Suzuki, 1984), and behavior
that facilitates transport in tidally influenced waters (Weinstein et al., 1980; Fortier and
Leggett, 1982; Norcross and Shaw, 1984; Masaru, 1985). In addition, it was hypothesized that vertical migration may provide a bioenergetic advantage for fish in thermally
stratified water (Wurtsbaugh and Neverman, 1988; Neilson and Perry, 1990). It also was
suggested that the larvae (> ~ 12 mm) of several clupeoids move to the surface at night to
fill their swim bladders, conserving energy while not feeding (Hunter and Sanchez, 1976;
Blaxter and Hunter, 1982; Brewer and Kleppel, 1986). Knowledge of the vertical distribution of fish larvae is critical for quantitative ichthyoplankton surveys if the entire depth
range of the targeted larvae cannot be sampled (Ahlstrom, 1959; Kendall and Naplin,
1981). It is also necessary to know the diel patterns of vertical movement of larvae to
understand the interaction among these young fishes, their predators and prey, and the
abiotic environment (Neilson and Perry, 1990). Such vertical movements are largely affected by light and gravity, but other factors may include food, hydrography, tidal currents, and turbulence (Neilson and Perry, 1990; Kendall et al., 1994).
In a review, Neilson and Perry (1990) characterized diel migrations into two general
categories: fish move up in the water column at night and remain at lower depths during
the day (type I), and conversely, fish move down in the water column at night and return
to shallower depths during the day (type II). Movement of larvae towards the surface at
night is the most frequently reported pattern (Davis et al., 1990; Brodeur and Rugen,
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1993; Haldorsen et al., 1993; Lough and Potter, 1993; Kendall et al., 1994; Otake et al.,
1998; Sakuma et al., 1999; Shoji et al., 1999; Tsukamoto et al., 2001); however, the
downward movement of larvae at night has also been reported (Davis et al., 1990;
Lyczkowski-Shultz and Steen, 1991; Brodeur and Rugen, 1993; Haldorsen et al., 1993).
A third reported pattern of vertical movement was observed where larvae are stratified
during the day and dispersed at night (Brewer and Kleppel, 1986; Sogard et al., 1987;
Heath et al., 1988; Leis, 1991).
Data presented here on the vertical distribution of Atlantic croaker Micropogonias
undulatus larvae came from a study of the ecology and abundance of red drum Sciaenops
ocellatus (Linnaeus, 1766) larvae in the northcentral Gulf of Mexico (Lyczkowski-Shultz
et al. 1988; Comyns et al. 1991). Although not targeted, Atlantic croaker larvae were
more abundant in many of the collections than red drum. Lyczkowski-Shultz and Steen
(1991) found that red drum larvae, unlike many other species, were concentrated higher
in the water column during daylight hours than at night. Sogard et al. (1987) reported
that Atlantic croaker larvae collected in the northcentral Gulf of Mexico tended to occur
deeper (12 vs. 1 and 6 m), but sample sizes were small. The present study was conducted
to see if co-occurring red drum and Atlantic croaker larvae, two closely related sciaenids
that are morphologically very similar, do in fact exhibit different patterns of diel vertical
distribution.
METHODS
Discrete-depth plankton collections were taken during six, 24 hr cruises conducted in inner-shelf
waters off Mississippi during September and October 1984 and 1985 (Fig. 1). Larvae were collected with a 1 ¥ 1.4 m Tucker trawl fitted with three, 333-mm mesh nitex nets. Discrete depth
collections were taken at 1, 5, and 11–16 m, and fishing depth was monitored with an electronic
conductivity/temperature/depth probe package (CTD) that was mounted 0.5 m above the net frame
on the towing/conductivity cable. The CTD also was used to obtain vertical temperature and salinity profiles prior to sampling. All three nets were fished during sequential five minute periods at the
same depth, and opened/closed with a double-trip mechanism that was operated using messengers.
Only the middle net was both opened and closed at the desired depth; the first net was open during
deployment and the third net was open during retrieval.
Contamination, however, was minimal because each deployment and retrieval took approximately 15 sec. Nets were each fitted with a mechanical flowmeter to determine the water volume
filtered and towed at a ship speed of approximately two knots (1.1 m s-1). Catch or density of larvae
was expressed as number of larvae per 100 m3 of water. Collections were taken in the vicinity of a
‘windowshade’ subsurface current drogue that was tracked over a 24 hr period in an attempt to
sample the same patch of larvae. Sampling was generally conducted during the afternoon, at night
before midnight, and in the morning after sunrise. Samples were concentrated and preserved at sea
in 5–10% formalin and later transferred to 70% ethanol.
In the laboratory larvae were removed from either an entire sample or a one-half aliquot using a
Motoda plankton splitter (Van Guelpen et al., 1982). Lengths of larvae were measured to the nearest 0.1 mm using a stereomicroscope (12 or 25 ¥) fitted with an ocular micrometer and sorted into
0.5 mm size classes. Measurements were taken from the tip of the snout to the end of the notochord
in pre-flexion larvae (notochord length), and from the tip of the snout to the end of the urostyle or
hypural plate (whichever was more distal) in flexion or post-flexion larvae (standard length). Nonstandard, chi-squared analyses (McCleave et al., 1987; Lyczkowski-Shultz and Steen, 1991) were
used to determine if Atlantic croaker larvae were homogeneously distributed, both over three sampling depths, and over three sampling times (morning, afternoon, and night) during a diel cycle.
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Figure 1. Study area in the northcentral Gulf of Mexico for six 24 hr ichthyoplankton cruises
conducted during fall 1984 and 1985.
Standardized residual deviations of observed from expected catches at each depth were calculated
as:

SRi =

Ni - Ei
Ei

where Sri = standardized residual deviation at depth i, Ni = observed catch at depth i, and Ei =
expected catch at depth i. Ei was calculated by multiplying the combined catch at all three depths
during a time period by the proportion of fishing effort at depth i, i.e., the volume of water filtered
at depth i during a time period divided by the total volume filtered at all three depths during a time
period. The Chi-squared test statistic (c2) for testing the null hypothesis that the density of Atlantic
croaker larvae was uniform with depth during a time period was obtained by summing the squared
Sris for the time period. A nonstandard, goodness-of-fit test (Sokal and Rohlf, 1981) was used to
test the null hypothesis that the vertical distribution of larvae remained the same over the three time
periods during a diel cycle. This test required subtracting the c2 value for all three times combined
from the sum of the c2 values for each time period.

RESULTS
The null hypothesis, that Atlantic croaker larvae were homogeneously distributed over
the three sampling depths during a time period, was rejected at the 0.01 significance level
in 17 of the 18 cases (Table 1). A second null hypothesis, that the vertical distribution of
larvae remained the same over the three time periods during a diel cycle, was rejected for
all six cruises (Table 1). Diel patterns in the vertical distribution of Atlantic croaker lar-
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Figure 2. Diel vertical distribution of Atlantic croaker Micropogonias undulatus larvae by sampling
depth and time during six cruises in the northcentral Gulf of Mexico. Depicted for each cruise are
mean and range in density, and number of collections (n) per sampling period.

vae were determined by examining the sign and magnitude of standardized residuals (Sri,
Table 1).
No consistent pattern among cruises was evident in the vertical stratification of Atlantic croaker larvae found in mid-day and afternoon collections when these larvae were
most abundant (Fig. 2). At this time larvae were most abundant at 1 m during two cruises,
at 5 m during one cruise, and at the deepest depth sampled (11–16 m) during three
cruises. However, a consistent pattern of stratification was evident from nighttime collections. Highest abundances at night during all six cruises were observed at the deepest
depths sampled (Fig. 2). This pattern of vertical distribution was highly significant (P <
0.01) for all but one cruise, 84-10-2 (Fig. 2C), when similar abundances were found at
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all three depths at night. During this cruise when larvae showed no vertical stratification
at night, the mean size of larvae was greater (6.3 mm, SE = 0.2) than for any other
cruise. Atlantic croaker was one of the more abundant taxa collected during this study,
and in one 5 min collection taken at 12 m during the night, 5410 larvae (5 per m3) were
collected. Atlantic croaker larvae were least abundant in surface waters (1 m) at night.
Of the 66,913 Atlantic croaker larvae collected, only 346 specimens (< 1%) were found
in 1 m collections at night, and 266 of these larvae were found in one collection (Fig.
2C). By morning larvae had generally moved upward in the water column. Larvae were
more abundant in 5 m collections at this time than in deeper collections (9.5–16 m)
during five of the six cruises. During the remaining cruise (Fig. 2B) larvae were still
most abundant at 16 m during the early morning, but a portion of the larvae already had
moved from this deeper depth to 5 m.
Vertical profiles of temperature and salinity taken during afternoon, night, and morning sampling periods of each cruise showed the water column to be relatively well mixed.
There was no indication that patterns of larval distribution reflected hydrographic stratification within the water column. During cruise RD 84-10-2 the water temperature changed
by less than 1oC in the upper 16 m of the water column. Salinity remained between 29–30
in the upper 7 m of the water column, and then steadily increased by approximately 4 to
the maximum depth measured, 16 m. During cruise RD 84-11-1, the water column was
well mixed; vertical profiles of temperature and salinity in the upper 16 m varied by less
than 1oC and 1, respectively. Lyczkowski-Shultz and Steen (1991) described the vertical
profiles of temperature and salinity taken during the four remaining cruises, and the water column was well mixed during each cruise. Within-cruise variability in temperature
during these four cruises was < 2oC in the upper 16 m of the water column, and salinity
varied by only 1–3 over this depth range.
Similar patterns in the vertical distribution of larvae were found during cruises when
moonlight was bright and when there was minimal moonlight intensity. During four of
the cruises there was little moonlight at night; cruises 84-9-2, 85-9-1, and 85-10 were
conducted within 2–3 d of a new moon, and during cruise 84-10-2 the moon had set by
1817 hrs. The remaining two cruises (84-10-1 and 84-11-1) were conducted within three
days of a full moon and moonlight intensity was high during night sampling.
The size composition of larvae remained relatively consistent within cruises. The few
exceptions were found during cruise 84-9-2 when relatively large Atlantic croaker larvae
(0 = 5.2 mm, standard length, SL) were collected during the afternoon at 12 m (Table 2),
and during cruise 84-10-2 when the mean size of larvae collected at night (6–7 mm, SL)
at all three depths was the largest mean size of larvae found during all time periods for all
cruises. Larvae were not depth-stratified by size; in collections from each of the three
time periods the mean size of larvae was sometimes greatest, and sometimes smallest, in
both 1 m and maximum depth samples (Table 2).
DISCUSSION
Atlantic croaker larvae smaller than 6 mm, SL showed a distinct pattern of vertical
stratification. One third of the night collections were made at the deepest depth (12–16
m), and most of the larvae collected at night (84%) were found in these relatively deep
collections. Water depths at all stations were less than 25 m. The same sampling effort
was conducted at night at a depth of 1 m, and less than 2% (n = 346) of the nocturnally-

BULLETIN OF MARINE SCIENCE, VOL. 74, NO. 1, 2004

76

Table 2. Mean standard length (mm) and corresponding standard error of Atlantic croaker larvae
collected at three depths during morning, afternoon, and night during six cruises in the
northcentral Gulf of Mexico.
Depth

Afternoon

1
5
12

none collected
1.7 ( 0.03)
5.2 (0.13)

1
5
12(16)

5.2 (0.25)
4.0 (0.23)
4.2 (0.23)

1
5
11(10)

5.1 (0.21)
3.9 (1.06)
4.2

1
5
12(16)

1.9 (0.15)
1.4 (0.03)
1.5 (0.08)

1
5
11

4.0 (0.14)
3.9 (0.15)
3.4 (0.18)

1
5
12(11)

2.3 (0.06)
2.6 (0.15)
2.7 (0.06)

Night
Cruise 84-9-2
none collected
1.9 (0.04)
2.0 (0.03)
Cruise 84-10-1
3.7 (1.10)
3.5 (0.11)
4.3 (0.14)
Cruise 84-10-2
6.7 (0.22)
6.0 (0.20)
6.1 (0.22)
Cruise 84-11-1
1.8 (0.32)
1.7 (0.07)
1.8 (0.11)
Cruise 85-9-1
none collected
3.6 (0.12)
3.8 (0.12)
Cruise 85-10
4.5 (0.26)
2.6 (0.22)
3.6 (0.21)

Morning
2.0 (0.04)
2.0 (0.03)
2.0 (0.06)
3.8 (0.15)
4.6 (0.13)
4.4 (0.12)
4.9 (0.28)
4.3 (0.36)
none collected
1.7 (0.12)
1.6 (0.08)
2.1 (0.12)
none collected
3.7 (0.16)
3.5 (0.16)
2.4 (0.27)
3.0 (0.17)
3.0 (0.38)

collected larvae (n = 19,265) were found in these shallow collections. Of the 346 larvae
that were found near the surface at night, 266 were found in a single sample, and the
mean size of larvae from this sample (6.7 mm, SL) was greater than for any other collection. During this sampling event similar densities of large Atlantic croaker larvae also
were found at 5 m (mean = 6.0 mm, SL) and 11 m (mean = 6.1 mm, SL). This may reflect
an ontogenetic shift in the vertical distribution of larvae, or the influence of rough seas,
i.e., wave heights approached 2 m during sampling. During the previous night on this
cruise, large Atlantic croaker larvae (4–9 mm, SL) also were collected, and the density of
these larvae in the 1 m collection (64 larvae per 100 m3) was twice the density found at 12
m. No larvae were found in the 5 m collection, indicating that only a portion of the larvae
had moved, or that the population was still in the process of moving. Ontogenetic shifts in
patterns of diel vertical distribution have been shown for other species (e.g., Castonguay
and McCleave, 1987; Shoji et al., 1999), and in these cases the range of vertical movement generally increased with increasing larval size.
By morning the vertical distribution of larvae suggested that Atlantic croaker had moved
up in the water column, but highest abundances were usually found at 5 m, not near the
surface. In only one of the six cruises were larvae still more abundant at the maximum
sampling depth (16 m) in the morning. The likely explanation for this observation is that

COMYNS AND LYCZKOWSKI-SHULTZ: DIEL VERTICAL DISTRIBUTION OF ATLANTIC CROAKER

77

the morning sampling during this cruise was conducted within 1 hr of sunrise. This was
earlier than for any of the other cruises.
Type II diel migration (Neilson and Perry, 1990), a downward movement of larvae in
the water column at night also referred to as ‘reverse diel vertical migration,’ is not as
common as the upward movement of larvae toward the surface at night. Other species
that have been found to move downward at night include sand lance (Ammodytes sp.;
Yamashita et al., 1985; Haldorson et al., 1993), Pacific cod (Gadus macrocephalus;
Boehlert et al., 1985), red drum (Sciaenops ocellatus; Lyczkowski-Shultz and Steen, 1991),
rock sole (Pleuronectes bilineatus; Brodeur and Rugen, 1993), and Japanese eel (Anguilla
japonica; Otake et al., 1998). Reasons for the implied nocturnal descent of Atlantic croaker
larvae at night and the upward movement of larvae after dawn are undetermined. The
cycle of light and darkness is likely the primary proximal cue, but many associated factors including possible predator avoidance, movement of prey, or enhanced feeding success in shallower water with increased light levels may influence this behavior.
It is unlikely that variability in moonlight intensity influenced the vertical movement
of Atlantic croaker larvae because similar patterns in the vertical distribution of larvae
were found during cruises when moonlight was bright and when moonlight was minimal.
There is no indication that the observed patterns of vertical distribution of larvae were
caused by the vertical stratification of temperature and salinity because the shallow water
column was generally well mixed during the study. It is also unlikely that differences in
the size of larvae influenced patterns of vertical distribution because larvae were not
depth-stratified by size, and regardless of time, the mean size of larvae was sometimes
greatest and sometimes smallest at both the shallowest and deepest depths sampled.
It is unlikely that the observed diel pattern in vertical distribution of Atlantic croaker
larvae was caused by vertical stratification of prey because high prey densities were found
throughout the water column during four of the cruises (Lyczkowski-Shultz and Steen,
1991). Lyczkowski-Shultz and Steen (1991) found the lack of a consistent correspondence between the depth of greatest larval red drum abundance and depth of greatest prey
microzooplankton abundance, and surmised that this may have been due to the high prey
densities (> 100 organisms L-1) found throughout the water column. Atlantic croaker
larvae £ 3 mm (Govoni et al., 1986) and red drum larvae £ 5 mm (Lyczkowski-Shultz et
al., 1988) ingest similar prey, typically copepod nauplii and copepodids, over a similar
size range; 60–220 m and 63–230 m, respectively.
Sogard et al. (1987) studied the diel vertical distribution of the larvae of several species, including Atlantic croaker, in the northern Gulf of Mexico. This study examined the
relative abundance of larvae in both relatively deep water, and at depths very similar to
those sampled in our study (1, 6, and 12 m). Unfortunately, Atlantic croaker were too rare
at offshore stations to examine the vertical distribution of larvae. At inshore stations mean
densities of larvae remained relatively low and only suggested a tendency for larvae to
occur in deeper waters, although this trend weakened when relative proportions were
considered. The highest mean density of Atlantic croaker larvae, averaged over three
depths and four collection periods a day, was 9.1 larvae per 100 m3. In comparison, larval
densities in our study frequently exceeded 100 larvae per 100 m3, and often exceeded
1000 larvae per 100 m3. Weinstein et al. (1980) provided limited information on the vertical distribution of the early life-stages of Atlantic croaker in a study that was conducted
in the Cape Fear River estuary, North Carolina. Fixed nets were used to examine the
vertical distribution of several species in relation to photo-period and tide, and post-larval
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Atlantic croaker tended to remain bottom-oriented regardless of time of day and tidal
stage. This ontogenetic shift in behavior allowed these fish to be transported to upstream
nursery areas by utilizing net non-tidal flows in bottom waters. Lyczkowski-Shultz and
Richardson (unpubl. data), reported in Lyczkowski-Shultz and Steen (1991), also found
Atlantic croaker larvae to be more abundant in the lower half of the water column. This
was based on a mean larval abundance determined by combining daytime collections
taken at 16 sites inside Mississippi Sound (mean depth 3.9 m), at three tidal passes (mean
depth 7.2 m), and at two sites outside the Sound located 7.4 km south of a tidal pass
(mean depth 15.6 m). It is possible that croaker larvae become more bottom-oriented as
they approach coastal estuarine areas, perhaps to facilitate landward transport.
Lyczkowski-Shultz and Steen (1991) reported the diel vertical distribution of red drum
larvae from five cruises in the fall of 1984 and 1985, four of which were the same cruises
used in the present study. Red drum larvae were usually more abundant at 1 or 5 m than at
11, 12, or 16 m (the deepest depths sampled). The typical pattern at night was a decrease
in abundance of red drum larvae, relative to afternoon values, at 1 m and a relative increase at 5 or 11–12 m. By the following morning the abundance at 1 or 5 m was higher
than the nighttime values at those depths. During only one of these four cruises was the
vertical distribution of red drum and croaker larvae similar over a diel cycle. During this
cruise (84-9-2) the highest abundance of larvae of both species followed the typical croaker
pattern; highest abundance at night at 12 m and in the morning at 5 m. During the remaining cruises red drum larvae were concentrated higher in the water column in morning
hours relative to Atlantic croaker larvae. These findings suggest that the larvae of the two
sciaenids differ in micro-habitat preferences and/or behavior that are manifested by differing diel vertical distribution patterns. Co-occurrence in northern Gulf coastal waters is
limited to late September and October near the end of the red drum spawning season
(Comyns et al., 1991; Wilson and Nieland, 1994) and the beginning of Atlantic croaker
spawning. Although larvae of red drum and Atlantic croaker ingest prey of similar size
and composition (Govoni et al., 1986; Lyczkowski-Shultz et al., 1988), it is unlikely that
the observed differences in diel vertical distribution led to prey resource partitioning
amongst the two species. Holt and Holt (2000) studied the vertical distribution of red
drum larvae in the well-mixed tidal inlet of Aransas Bay, Texas. They found that in the
inlet the majority of red drum larvae were found on the bottom during the day and throughout the water column at night. This is contrary to the findings of Lyczkowski-Shultz and
Steen (1991), perhaps because of tidal currents within the shallow (6 m) inlet.
ACKNOWLEDGMENTS
Material for this research was obtained from a study funded in part by the National Oceanic and
Atmospheric Administration Office of Sea Grant, under grant NA85AA-D-SG005, and Mississippi-Alabama Sea Grant Consortium and Gulf Coast Research Laboratory. J.T. McBee and W.
Brehm wrote computer software for field sensors and data loggers, and along with many staff
members of the Gulf Coast Research Laboratory and Mississippi Bureau of Marine Resources,
assisted in the field. R. Shulman trained and supervised plankton sorters, and was responsible for
database management. Finally, the Captain and crew of the RV TOMMY MUNRO are much appreciated for providing consistent cooperation.

COMYNS AND LYCZKOWSKI-SHULTZ: DIEL VERTICAL DISTRIBUTION OF ATLANTIC CROAKER

79

LITERATURE CITED
Ahlstrom, E. H. 1959. Vertical distribution of pelagic fish eggs and larvae off California and Baja
California. Fish. Bull. U.S. 60: 107–146.
Blaxter, J. H. S. and J. R. Hunter. 1982. The biology of clupeoid fishes. Adv. Mar. Biol. 20: 1–223.
Boehlert, G. W., D. M. Gadomski and B. C. Mundy. 1985. Vertical distribution of ichthyoplankton
off the Oregon coast in spring and summer months. Fish. Bull. U.S. 83: 611–621.
Brewer, G. D. and G. S. Kleppel. 1986. Diel vertical distribution of fish larvae and their prey in
nearshore waters of southern California. Mar. Ecol. Prog. Ser. 27: 217–226.
Bridger, J. P. 1956. On day and night variation in catches of fish larvae. J. Cons. 22: 42–57.
Brodeur, R. D. and W. C. Rugen. 1993. Diel vertical distribution of ichthyoplankton in the northern
Gulf of Alaska. Fish. Bull. U.S. 92: 223–235.
Castonguay, M. and J. D. McCleave. 1987. Vertical distributions, diel and ontogenetic vertical
migrations and net avoidance of leptocephali of Anguilla and other common species in the
Sargasso Sea. J. Plank. Res. 9: 195–214.
Comyns, B. H., J. Lyczkowski-Shultz, D. L. Nieland and C. A. Wilson. 1991. Reproduction of red
drum in the northcentral Gulf of Mexico: Seasonality and spawner biomass. Pages 17–26 in
Hoyt, R.D., ed. Larval fish recruitment and research in the Americas; Thirteenth annual larval
fish conference, Merida, Mexico, May 1989. NOAA Tech. Rep. NMFS 95.
Davis, T. L. O., G. P. Jenkins and J. W. Young. 1990. Diel patterns of vertical distribution in larvae
of southern bluefin Thunnus maccoyii and other tuna in the East Indian Ocean. Mar. Ecol. Prog.
Ser. 59: 63–74.
Fortier, L. and W. C. Leggett. 1982. Fickian transport and the dispersal of fish larvae in estuaries.
Can. J. Fish. Aquat. Sci. 39: 1150–1163.
________ and ____________. 1983. Vertical migrations and transport of larval fish in a partially
mixed estuary. Can. J. Fish. Aquat. Sci. 40: 1543–1555.
Govoni, J. J., P. B. Ortner, F. Al-Yamani and L. C. Hill. 1986. Selective feeding of spot, Leiostomus
xanthurus, and Atlantic croaker, Micropogonias undulatus, larvae in the northern Gulf of Mexico.
Mar. Ecol. Prog. Ser. 28: 175–183.
Haldorsen, L., M. Pritchett, A. J. Paul and D. Ziemann. 1993. Vertical distribution and migration of
fish larvae in a northeast Pacific bay. Mar. Ecol. Prog. Ser. 101: 67–80.
Heath, M. R., E. W. Henderson and D. L. Baird. 1988. Vertical distribution of herring larvae in
relation to physical mixing and illumination. Mar. Ecol. Prog. Ser. 47: 211–228.
Holt, G. J. and S. A. Holt. 2000. Vertical distribution and the role of physical processes in the
feeding dynamics of two larval sciaenids Sciaenops ocellatus and Cynoscion nebulosus. Mar.
Ecol. Prog. Ser. 193: 181–190.
Hunter, J. R. and C. Sanchez. 1976. Diel changes in swim bladder inflation of the larvae of the
northern anchovy, Engraulis mordax. Fish. Bull. U.S. 74: 847–855.
Kendall, A. W. Jr. and N. A. Naplin. 1981. Diel-depth distribution of summer ichthyoplankton in
the Middle Atlantic Bight. Fish. Bull. U.S. 79: 705–726.
______________, L. S. Incze, P. B. Ortner, S. R. Cummings and P. K. Brown. 1994. The vertical
distribution of eggs and larvae of walleye pollock, Theragra chalcogramma, in Shelikof Strait,
Gulf of Alaska. Fish. Bull. U.S. 92: 540–554.
Kuwahara, A. and S. Suzuki. 1984. Diurnal changes in vertical distributions of anchovy eggs and
larvae in the western Wakasa Bay. Bull. Jap. Soc. Sci. Fish. 50: 1285–1292.
Leis, J. M. 1991. Vertical distribution of fish larvae in the Great Barrier Reef Lagoon, Australia.
Mar. Biol. 109: 157–166.
Lough, G. R. and D. C. Potter. 1993. Vertical distribution patterns and diel migrations of larval and
juvenile haddock Melanogrammus aeglefinus and Atlantic cod Gadus morhua on Georges Bank.
Fish. Bull., U.S. 91: 281–303.

80

BULLETIN OF MARINE SCIENCE, VOL. 74, NO. 1, 2004

Lyczkowski-Shultz, J., J. P. Steen, Jr. and B. H. Comyns. 1988. Early life history of red drum
(Sciaenops ocellatus) in the northcentral Gulf of Mexico. Tech. Rep. MASGP-88-013, Mississippi-Alabama Sea Grant Consortium, Ocean Springs, MS. 148 p.
_________________ and _________. 1991. Diel vertical distribution of red drum Sciaenops
ocellatus larvae in the northcentral Gulf of Mexico. Fish. Bull. U.S. 89: 631–641.
Masaru, T. 1985. Factors affecting the inshore migration of pelagic larval and demersal juvenile red
sea bream Pagrus major to a nursery ground. Trans. Amer. Fish. Soc. 114: 471–477.
McCleave, J. D., J. J. Bedaux, P. G. Doucet, J. C. Jager, J. T. L. Long, W. J. van der Steen and B.
Voorzanger. 1987. Statistical methods for analysis of plankton and nekton distribution, with
application to selective stream transport of juvenile American eels (Anguilla rostrata). J. Cons.
int. Explor. Mer 44: 90–103.
Neilson, J. D. and R. I. Perry. 1990. Diel vertical migrations of marine fishes: An obligate or facultative process? Adv. Mar. Biol. 26: 115–168.
Norcross, B. L. and R. F. Shaw. 1984. Oceanic and estuarine transport of fish eggs and larvae: a
review. Trans. Amer. Fish. Soc. 113: 153–165.
Otake, T., T. Inagaki, H. Hasumoto, N. Mochioka and K. Tsukamoto. 1998. Diel vertical distribution of Anguilla japonica leptocephali. Ichthyological Research. 45: 208–211.
Russell, F.S. 1926. The vertical distribution of marine macroplankton. III. Diurnal observations on the
pelagic young of teleostean fishes in the Plymouth area. J. Mar. Biol. Assoc. U.K. 14: 387–414.
Sakuma, K. M., S. Ralston and D. A. Roberts. 1999. Diel vertical distribution of postflexion larval
Citharichthys spp. and Sebastes spp. off central California. Fish. Ocean. 8: 68–76.
Shoji, J., T. Maehara and M. Tanaka. 1999. Diel vertical movement and feeding rhythm of Japanese
Spanish mackerel larvae in the Central Seto Inland Sea. Fish. Sci. 65: 726–730.
Sogard, S. M., D. E. Hoss and J. J. Govoni. 1987. Density and depth distribution of larval Gulf
menhaden, Brevoortia patronus, Atlantic croaker, Micropogonias undulatus, and spot, Leiostomus
xanthurus, in the northern Gulf of Mexico. Fish. Bull., U.S. 85: 601–609.
Sokal, R. R. and F. J. Rohlf. 1981. Biometry. Freeman, San Francisco. Pp. 561–566.
Tsukamoto, Y., H. Zenitani, R. Kimura, Y. Watanabe and Y. Oozeki. 2001. Vertical distribution of
fish larvae in the Kuroshio and Kuroshio-Oyashio transition region in early summer. Bull. Natl.
Res. Inst. Fish. Sci. 16: 39–56.
Van Guelpen, L., D. F. Markle and D. J. Duggan. 1982. An evaluation of accuracy, precision, and
speed of several zooplankton subsampling techniques. J. Cons. Int. Explor. Mer 40: 226–236.
Weinstein, M. P., S. L. Weiss, R. G. Hodson and L. R. Gerry. 1980. Retention of three taxa of
postlarval fishes in an intensively flushed tidal estuary, Cape Fear River, North Carolina. Fish.
Bull., U.S. 78: 419–434.
Wilson, C. A. and D. L. Nieland. 1994. Reproductive biology of red drum, Sciaenops ocellatus,
from the neritic waters of the northern Gulf of Mexico. Fish. Bull., U.S. 92: 841–850.
Wurtsbaugh, W. A. and D. Neverman. 1988. Post-feeding thermotaxis and daily vertical migration
in a larval fish. Nature 333: 846–848.
Yamashita, Y., D. Kitagawa and T. Aoyama. 1985. Diel vertical migration and feeding rhythm of
the larvae of the Japanese sand-eel Ammodytes personatus. Bull. Jpn. Soc. Sci. Fish. 51: 1–5.
Zaret, T. M. and J. S. Suffern. 1976. Vertical migration in zooplankton as a predator avoidance
mechanism. Limnol. Oceanogr. 21: 804–813.
DATE SUBMITTED: May 24, 2002.

DATE ACCEPTED: June 3, 2003.

ADDRESSES: (J.L.-S.) National Marine Fisheries Service, Southeast Fisheries Science Center, P.O. Drawer
1207, Pascagoula, Mississippi 39568. CORRESPONDING AUTHOR: (B.H.C.) Department of Coastal Sciences, College of Marine Sciences, The University of Southern Mississippi, P.O. Box 7000, Ocean
Springs, Mississippi 39566. Telephone (228) 872-4267, FAX (228) 872-4204, E-mail:
<bruce.comyns@usm.edu>.

